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BACKGROUND OF THE INVENTION 



[0001] 



This application relates generally to steering of electromagnetic radiation. 



More specifically this application relates to nonmechanical methods and systems for steering 
an electromagnetic beam. 



electromagnetic radiation, whether broadband or monochromatic, is desirable. Exemplary 
applications include a variety of satellite and antenna applications in which electromagnetic 
beams need to be steered to effect communication with or from the satellite or antenna. In 
1 5 other applications, electromagnetic beams may be steered as part of performing a scanning 
function, usually of a coUimated beam. For instance, such scanning may be performed in 
ladar or lidar applications, in aiming systems where an aiming point is moving as a function 
of target range and velocity, in bar-code scanners, in linear scanners used in laser printers or 
plotters, and the like. 

20 [0003] In current systems, beam steering is generally performed by mechanical 

means. For example, a scanning function may be implemented through the use of gimbaled, 
mechanically moveable optical elements, such as mirrors, lenses, and reflectors. It is well 
known that the inertia of such components impedes the efficiency of mechanical operations 
to effect steering when they are moved. There has accordingly been a general desire to 

25 minimize the amount of mechanical movement involved in performing steering functions. 

One approach that has recently been used involves the translation of microlens arrays, such as 
described in U.S. Pat. No. 5,059,008, the entire disclosure of which is incorporated herein by 
reference for all purposes. While such an approach exploits the fact that recent developments 
in micro-optics and binary optics may make mechanical steering operations less disruptive, 

30 the continued reliance on such mechanical approaches remains limiting. 
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[0002] 



There are a large number of diverse applications in which steering of 



[0004] There is accordingly a general need in the art for improved methods and 

systems for steering electromagnetic beams. 

BRIEF SUMMARY OF THE INVENTION 

5 

[0005] Embodiments of the invention provide a completely nonmechanical 

mechanism for steering an electromagnetic beam. The beam is focused at a spot position 
within a focal plane of a steering lens or other coUimation element, and then spatially 
translated nonmechanically to a new position within the focal plane. Light emanating from 
10 the beam at the translated position is then steered with the coUimation element, with the 

steering angle being defined according to the position of the translated spot position relative 
to an optic axis of the coUimation element. 

[0006] Thus, in a first set of embodiments, a device is provided for steering an 

electromagnetic beam. The device comprises a reflective element, a polarizer, a relay 

15 focusing element, and a modulation element. The polarizer is configured to transmit light of 
a specified polarization and to reflect light having other than the specified polarization. The 
relay focusing element is disposed to provide optical paths for the electromagnetic beam from 
a first spot position to a second spot position spatially displaced from the first spot position 
such that the optical paths encounter the reflective element and the polarizer. The modulation 

20 element is configured for selectively transforming a polarization of the electromagnetic beam 
to include a component of the specified polarization at a spatially localized position along the 
optical paths. 

[0007] In some such embodiments, at least one of the reflective element and the 

polarizer may be inclined with respect to an initial direction of propagation of the 

25 electromagnetic beam. Furthermore, there are a number of specific components that may be 
used in specific embodiments. For example, the relay focusing element could comprise a 
lens, such as a gradient-index lens, a lens array, or a singlet lens, among others. The 
modulation element could comprise a pixellated spatial light modulator, which may be 
transmissive or reflective in different embodiments. Also, in some instances, the reflective 

30 element and polarizer could be substantially flat. In addition, the relay focusing element 
could be disposed such that the electromagnetic beam is substantially focused at each 
encounter with the polarizer. 
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[0008] The device may be configured so that the second spot position is displaced in 

two dimensions from the first spot position within a plane orthogonal to an initial direction of 
the electromagnetic beam. For example, the device could fiirther comprise a second 
reflective element, a second polarizer, a second relay focusing element, and a second 
5 modulation element. The second polarizer is configured to transmit light of the specified 

polarization and to reflect light having other than the specified polarization. The second relay 
focusing element is disposed to provide second optical paths for the electromagnetic beam 
from the second spot position to a third spot position. The third spot position is spatially 
displaced from the second spot position in a direction nonparallel to a displacement of the 
10 second spot position from the first spot position such that the second optical paths encounter 
the second reflective element and second polarizer. The second modulation element is 
configured for selectively transforming a polarization of the electromagnetic beam to include 
a component of the specified polarization at a spatially localized position along the second 
optical paths. 

1 5 [0009] In another embodiment, the device may be configured to provide a 

pseudoisotropic beam by having the modulation element configured to transform the 
polarization of the electromagnetic beam to include the component of the specified 
polarization and to include a component orthogonal to the specified polarization for each of a 
. plurality of encounters of the electromagnetic beam with the modulation element. 

20 [0010] In another set of embodiments, a device is also provided for steering an 

electromagnetic beam. A focusing element is disposed to focus the electromagnetic beam 
onto a first spot position. An optical train is configured to translate the first spot position 
spatially to a second spot position nonmechanically by routing the electromagnetic beam 
through the optical train. A collimation element is disposed to collimate the electromagnetic 

25 beam emanating from the second spot position. The optical train may be configured using a 
reflective element, polarizer, relay focusing element, and modulation element as described 
above. 

[0011] In a fiirther set of embodiments, a method is provided for steering an 

electromagnetic beam. The electromagnetic beam is focused onto a first spot position. The 
30 electromagnetic beam is routed through an optical train to translate the first spot position 
spatially to a second spot position nonmechanically. The electromagnetic beam is then 
collimated after the electromagnetic beam emanates from the second spot position. 
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[0012] In these embodiments, the electromagnetic beam may be routed through the 

optical train by progressively focusing the electromagnetic beam onto spatially displaced 
intermediate spot positions. In addition, the electromagnetic beam may be routed by 
reflecting the electromagnetic beam from each of the intermediate spot positions to a 
5 subsequent spot position. A polarization of the electromagnetic beam may be selectively 
transformed to include a component of a specified polarization at a spatially localized 
location, so that that component may be reflected from each of the intermediate spot positions 
and emanate from the second spot position. 

[0013] In some instances, the second spot position may be displaced in two 

10 dimensions from the first spot position within a plane orthogonal to an initial direction of the 
electromagnetic beam. In one embodiment, the electromagnetic beam is routed to translate 
the first spot position to an intermediate spot position having a displacement component 
relative to the first spot position orthogonal to an initial direction of the electromagnetic 
beam. Thereafter, the electromagnetic beam is routed to translate the intermediate spot 
1 5 position to the second spot position. The second spot position has a displacement component 
relative to the intermediate spot position orthogonal to the initial direction of the 
electromagnetic beam and orthogonal to the displacement component of the intermediate spot 
position relative to the first spot position. 

[0014] In other instances, the method may fiirther comprise steering the 

20 electromagnetic beam by a supplementary beamsteering angle that is smaller than a least 
beamsteering angular discrimination provided by the combination of focusing the 
electromagnetic beam, routing the electromagnetic beam, and coUimating the electromagnetic 
beam. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] A fiirther understanding of the nature and advantages of the present invention 

may be realized by reference to the remaining portions of the specification and the drawings 
wherein like reference numerals are used throughout the several drawings to refer to similar 
30 components. 

[0016] Fig. 1 provides a side view illustrating steering principles used in 

embodiments of the invention; 
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[0017] Fig. 2 provides a side view of an embodiment of the invention illustrating 

translation of a spot position in one dimension; 

[0018] Figs. 3A - 3C provide exemplary illustrations of different relay-focusing- 

element configurations that may be used in different embodiments; 

5 [0019] Fig. 4 provides a perspective view of another embodiment of the invention 

illustrating translation of a spot position in two dimensions; 

[0020] Fig. 5 provides a side view of an embodiment of the invention that combines 

coarse steering and fine steering control; 

[0021] Fig. 6 provides a side view of an embodiment of the invention that uses a 

10 phased-array-of-phased-arrays architecture; and 

[0022] Fig. 7 provides a schematic illustration of an experimental setup used to 

illustrate one embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

15 

[0023] Embodiments of the invention use a nonmechanical method for steering 

electromagnetic beams, which may comprise broadband or monochromatic light, over a two- 
dimensional field of regard. In some instances, this is performed by controlling the position 
of a focused spot within the focal plane of a collimation element, such as a steering lens. In 
20 one embodiment, the position may be controlled through the use of a low-resolution spatial 
light modulator. The principles of this approach are illustrated schematically in Fig. 1, which 
provides a side view to illustrate the steering principles used in embodiments of the 
invention. 

[0024] In the illustration, the collimation element is shown as a steering lens 100 

25 having a focal plane 104 and an optic axis 108. Embodiments of the invention result in 

focusing of the beam to be steered onto a final spot position located substantially on the focal 
plane 104. A beam divergent from such a final spot position is coUimated by the steering 
lens 100. Two examples are shown for different final spot beam positions: one spot position 
102 at a distance Ajcj above the optic axis 108 results in coUimated beam 116 and another 
30 spot position 103 at a distance Ax2 below the optic axis 108 results in coUimated beam 112. 
Embodiments of the invention thus use the fact that spatial translation of the final spot 
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position of the electromagnetic beam within the focal plane may be used to steer the 
electromagnetic beam. The steering angle 0 may be expressed generally in terms of the focal 
length / of the coUimation element and the radial distance Ax of the spot position from the 
optic axis: 

^ 1 Ax 

5 e = tan-'— . 

/ 

Specific configurations are described below for localizing the spot position to achieve the 
desired steering. The potential size of the field of regard over which the electromagnetic 
beam may be steered is thus dependent on the focal ratio f# of the steering lens or other 
coUimation element. In particular, since the steering angle is a function of the displacement 
10 of the final spot beam from the optic axis, the maximum steering angle 9max is related to the 
clear aperture of the coUimation element 100. This clear aperture becomes l//7# when 
divided by the focal length of the coUimation element 100. With the maximum displacement 
of the final spot beam from the optic axis being half the clear aperture, the maximum steering 
angle is given by 

15 Qmax =tan~^— 

2//# 

Advantageously, in some embodiments the coUimation element is fast, i.e. has a low fl# in 
the case of a steering lens, which permits the electromagnetic beam to be steered over a wide 
field of regard. In one embodiment, the steering lens has an fl# less than two. 

10025] It will be evident to those of skill in the art that it is preferable for the spot of 

20 the electromagnetic beam to remain focused as its focal-plane position is translated to prevent 
beam spreading. One technique for accomplishing the translation nonmechanically with such 
a constraint is provided with the optical arrangement illustrated in Fig. 2. In this 
embodiment, an incident electromagnetic beam 224 is initially focused onto a first spot 
position 206 by a focusing element, shown in the exemplary embodiment as a focusing lens 
25 204. An optical train is configured to translate the first spot position spatially to a second 

spot position nonmechanically by routing the electromagnetic beam through the optical train. 
The desired location of the second spot position, which defines the steering angle, may 
depend on a state of the optical train as described below. Light that emanates from the 
second spot position is coUimated by a coUimation element, again shown in Fig. 2 as a 
30 steering lens 100, in the manner described in connection with Fig. 1. 
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[0026] In the illustrated embodiment, the optical train comprises a relay focusing 

element, shown as relay focusing lens 208, that is disposed to provide optical paths for the 
electromagnetic beam that encounter a polarizer 220 and a reflective element 212 such as a 
mirror. The polarizer 220 may comprise, for example, a wire-grid polarizer and is adapted to 
5 transmit light of a specified polarization and to reflect light with other than the specified 

polarization. In some instances, a polarizer having such characteristics is referred to herein as 
a "reflective polarizer." The polarization of the electromagnetic beam may be transformed to 
include the specified polarization with a modulation element 216, such as a spatial light 
modulator ("SLM"). While the exemplary structure shown in Fig. 2 is illustrated for a 

10 transmissive SLM, it will be appreciated that a reflective SLM may be used in alternative 
embodiments. For example, a reflective SLM might be incorporated with the reflective 
element 212 on the opposite side of the relay focusing lens 208 in one such embodiment. 
One illustration of such an arrangement is provided in Fig. 7, which is discussed below in 
connection with the Example. The combination of the reflective characteristics of the 

1 5 polarizer 220, at least for certain polarizations, and the reflective element 212 cause the spot 
position to be translated through successive reflections. In some embodiments, translation of 
the spot position may be aided in part by inclining at least one of the polarizer 220 and 
reflective element 212 with respect to the optic axis of the focusing element 204. 

[0027] Figs. 3 A - 3C provide different examples of optical elements that may be used 

20 for the relay focusing element 208 in different embodiments. In each of these illustrations, 
the relay focusing element 208 acts to transfer an inverted real image fi"om one end of the 
element to the other, thereby maintaining the spot in focus at the focal plane of the 
coUimation element 100 as the electromagnetic beam is routed to different zones. It will be 
appreciated, however, that inversion of the image is not required, nor is image-to-image 
25 translation, provided that the final image after successive reflections through the optical train 
is provided on the focal plane of the coUimation element. Such variations may be used in 
alternative embodiments of the invention. The examples shown in Figs. 3 A - 3C illustrate 
different arrangements that may be suitable in different applications, with the embodiment of 
Fig. 3 A providing a relatively high-compact arrangement and the embodiment of the Fig. 3C 
30 providing a less costly but relatively low-compact arrangement. In Fig. 3A, the relay 

focusing element comprises a gradient-index ("GRIN") lens 304 disposed such that focus 306 
represents an intermediate spot position for the electromagnetic beam and point 306* 
represents an image of the focused spot. The compactness provided by use of a GRIN may 
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be illustrated by noting that for a GRIN lens with 0.5 pitch, an inverted real image may be 
transferred from one end of the lens to the other, reimaging the spot over a distance less than 

10 mm for light having a wavelength A. = 1.55 |am. Fig. 3B provides an example in which 

the relay focusing element comprises a microlens array 308 with a focused spot at 
5 intermediate spot position 310 and image point 310', both of which are twice the focal length 
away from the microlens array 308. Fig. 3C provides an example in which the relay focusing 
element comprises a singlet lens 312 at unit conjugate ratio with a focused spot at 
intermediate spot position 314 and image point 314', both of which are again twice the focal 
length away from the singlet lens 312. 

10 [0028] In one embodiment, the SLM comprises a pixellated cell that controls the 

routing and launching of the beam at a desired location. For example, the pixellated cell 
could comprise a pixellated liquid-crystal cell. Each pixel in the cell may act as a variable 
retarder, thereby allowing the polarization of the electromagnetic beam to be controlled in a 
spatially localized manner with an applied voltage. By rotating or otherwise transforming the 

15 beam's polarization to include a component of the specified polarization, at least a portion of 
the beam may be transmitted through the polarizer 220, thereby defining the location of the 
second spot position. For example, Fig. 2 illustrates two different states for the optical train 
corresponding to different voltage applications to the modulation element 216 to define 
different spatially localized polarization transformations. In a first state, the electromagnetic 

20 beam has one encounter with the polarizer 220 and one encounter with the reflective element 
212 before its polarization is changed by the modulation element 216. At that point, at least 
some of the electromagnetic beam is transmitted through the polarizer 220, as indicated with 
the solid divergent beam, for coUimation by the coUimation element 100 to provide 
coUimated beam 232, which is a version of beam 224 steered in a first direction. In a second 

25 state, the electromagnetic beam has three encounters with each of the polarizer 220 and 
reflective element 212 before its polarization is changed by activation of the modulation 
element 216 at a different pixel location. At that point, at least some of the electromagnetic 
beam is transmitted through the polarizer 220, as indicated with the dashed divergent beam, 
for coUimation by the coUimation element 100 to provide collimated beam 228. This 

30 collimated beam thus corresponds to a version of beam 224 steered in a second direction. As 
is apparent from Fig. 2 in these examples, the second spot position for the first state of the 
modulation element 216 is above the optic axis 108 of the coUimation element 100 so that the 
electromagnetic beam is steered downwards; conversely, the second spot position for the 



second state of the modulation element 216 is below the optic axis 108 of the coUimation 
element 100 so that the electromagnetic beam is steered upwards. 

[0029] In some embodiments, each launch zone may thus be controlled in an analog 

fashion that allows the pixel to be opaque or fully transmissive. When the pixel is opaque, 
5 the specified polarization is not included in the electromagnetic beam and it is reflected 
through the optical train to the next pixel. When the pixel is fully transmissive, the entire 
electromagnetic beam includes the specified polarization and the beam is launched at the 
second spot position. In still other embodiments, the pixel may be partially transmissive, 
such as when the electromagnetic beam includes the component of the specified polarization 
10 and also includes a component orthogonal to the specified polarization. In such insteuices, 
part of the beam is launched and part of the beam is reflected through the optical train to the 
next pixel. In some such embodiments, the beam is partially transmitted from each of a 
plurality of zones simultaneously, corresponding to the existence of a plurality of second spot 
positions, thereby forming a pseudo-isotropic beam in the far field. 

1 5 [0030] While the description of Fig. 2 has been made for a particular routing 

direction, i.e. from the left to the right of the page, it should be appreciated that the principle 
of reciprocity allows the methods and apparatus of the invention altematively to be used in 
the opposite direction. In particular, instead of a beam entering the optical train at the top of 
the focal plane and being routed downwards through successive reflections, a beam may be 

20 received by entering the coUimation element 100 at a specific angle. In such reverse 

operation, element 100 acts to focus the received beam onto a spot at a particular location in 
the focal plane, thereby acting as a focusing element. A component of the focused beam that 
includes the specified polarization passes through the polarizer 220. If the pixel at that 
location is activated, the polarization of the transmitted light is changed by the modulation 

25 element 216 so that it is different from the specified polarization; accordingly, the transmitted 
light is reflected at each subsequent encounter with the reflective element 212 and polarizer 
220 so that its spot position is translated to the top of the focal plane to exit the optical train 
for coUimation by element 204. At a non-activated pixel, a focused beam that is transmitted 
through the polarizer 220 does not have its polarization changed, and is therefore transmitted 

30 back through the polarizer 220 on its next encoimter to leave the system. 

[0031] In addition, it will be appreciated that the specific elements discussed in 

connection with Fig. 2 are exemplary and that the scope of the invention is intended to cover 
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alternative elements. For instance, while the polarizer 220 and reflective element 212 are 
shown as substantially flat in Fig, 2, they might have some curvature in alternative 
embodiments. Indeed, such curvature could be used to compensate for inclination of the 
polarizer 220 and/or reflective element 212 with respect to the optic axis of the focusing 
5 element 204 to ensure that the potential second spot positions remain substantially within the 
focal plane of the collimation element 100. Still other variations may be made without 
exceeding the intended scope of the invention. 

[0032] In some embodiments, the optical train may comprise a plurality of component 

sections oriented differently to effect two-dimensional steering of the electromagnetic beam. 

10 An illustration of one such embodiment is provided in perspective view in Fig. 4. In this 

embodiment, the optical train 400 again provides optical paths for spatial translation of a spot 
position, but this time in two directions. First, translation of the spot position is effected 
vertically with a first stage 404 of the optical train 400. Next, horizontal translation of the 
spot position may be effected with a second stage 408 of the optical train. Each of these 

15 stages may use the structure described in connection with Fig, 2, although in some 

embodiments at least one of the two stages may include a plurality of such structures to 
accommodate different positions of the spot position provided by the other of the two stages. 
For instance, in the illustration in Fig. 4, the horizontal stage 408 includes a plurality of 
structures like the one described in connection with Fig. 2 to effect horizontal translation at 

20 any of the vertical spot positions that may be provided by the vertical stage 412. 

[0033] Thus, in one embodiment, the vertical stage may comprise a relatively thin 

vertical strip having 1 x M pixels, with the electromagnetic beam being reflected successively 
until it encounters an active pixel that launches it into the horizontal stage. The horizontal 
stage may have a plurality M of strips that each have 1 x TV pixels; in a particular 

25 embodiment, M is conveniently equal to M so that there is a one-to-one correspondence 
between spot positions provided by the vertical stage and pixel strips provided by the 
horizontal stage. In another embodiment, the horizontal stage may comprise a single 1 x AT 
strip having extended pixel structures so that each pixel comprises a relatively long vertical 
strip, i.e. having approximately the same length as the vertical stage. The total number of 

30 encounters with polarizers comprised by the optical train in either embodiment is thus given 
by the sum of the number of encounters in each stage and is therefore <M + N. Such 
arrangements for the optical train may thus be considered to provide a second spot position 
for the electromagnetic beam intermediate between the first and second stages 404 and 408, 
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and to provide a third spot position for the beam at an end of the second stage 408. In such 
embodiments, coUimation of the beam is provided with the coUimation element 100 to the 
electromagnetic beam emanating from the third spot position. 

[0034] It will be appreciated that while there are a variety of physical configurations 

5 that may be adopted with such embodiments, the optic axis of the focusing element 204 may 
conveniently be aligned with an edge of the coUimating element 100, with the optical train 
400 disposed so that the horizontal stage 408 substantially fills the usable focal-plane area 
defined by the coUimating element 100. Furthermore, while the illustrated embodiment 
shows a preferred configuration in which strips for the horizontal and vertical stages are 

10 substantially orthogonal to each other, it is possible in alternative embodiments for those 
stages to be nonorthogonal. Provided the stages are nonparallel, they may still permit two- 
dimensional translation of spot positions and, therefore, two-dimensional beam steering. 
Such nonorthogonal configurations could be useful, for example, in embodiments where 
relatively coarse steering is needed in one direction and a finer steering capability is needed 

15 in an orthogonal direction. 

[0035] As the electromagnetic beam is routed to a new position through the optical 

train, it may lose some energy with each reflection. While it is generally desirable to 
minimize such losses, there are some applications in which it is particularly desirable to do 
so. This is true, for example, in laser-communication, ladar, infrared-imaging, and other 

20 applications. The size of the loss may be substantially mitigated by index matching the 
various optical components comprised by the optical train and by using highly reflective 
elements 212 and reflective polarizers 220. The use of such components minimizes the size 
of the loss associated with each reflection through the optical train. In addition, in some 
embodiments, the number of reflections themselves may be reduced by increasing the 

25 coarseness of the optical train. For most applications, resolution requirements compete with 
the desire to minimize the number of reflections, i.e. when the number of reflections is small, 
the resolution is also small, and an attempt to increase resolution by increasing the number of 
reflections also increases the loss. 

[0036] Accordingly, in some embodiments, a relatively coarse optical train 

30 configured such as described in connection with Fig. 2 is optically coupled with a 

supplementary beamsteering component that provides relatively fine-angle beamsteering. In 
particular, the beamsteering angle provided by the supplementary beam-steering component 
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is smaller than a least beamsteering angular discrimination provided by the coarse 
beamsteering arrangement. One exemplary embodiment that includes such a coupling of 
fine-angle and coarse- angle beamsteering arrangements in illustrated in Fig. 5. The coarse- 
angle beamsteering arrangement is denoted generally by reference numeral 504 and is shown 
5 in an embodiment having the structure described in connection with Fig. 2. The fine-angle 
beamsteering arrangement is denoted generally by reference numeral 502 and is illustrated in 
an exemplary embodiment as comprising a plurality of optical phased arrays, hi other 
embodiments, a fast steering mirror may be used, or any other suitable fine-angle 
beamsteering arrangement. The fine-angle beamsteering arrangement 502 may conveniently 
10 be disposed to be encountered before the coarse-angle beamsteering arrangement 504, 
although it is possible in some alternative embodiments for fine-angle steering to be 
performed subsequent to coarse-angle steering. 

[0037] The plurality of optical phased arrays comprised by the fine-angle 

beamsteering arrangement 502 illustrated in Fig. 5 provides relatively high angular resolution 

15 over a wide steering angle. A first of the optical phased arrays 508 provides steering of a 
beam 516 in a first direction, say x, and a second of the optical phased arrays 512 provides 
steering of a beam in a second direction, say jy, to produce beam 520 incident on the coarse- 
angle beamsteering arrangement 504. While it is generally preferable that the x and y 
directions be orthogonal, this is not required and they could alternatively be nonorthogonal 

20 but also nonparallel. This arrangement for the fine-angle beamsteering device 502 provides 
zone fill and adaptive wavefi-ont control. Li embodiments that use liquid-crystal-on-silicon 
("LCOS") optical phase arrays, the fine-angle beamsteering arrangement 502 provides good 
resolution over ±3°. Merely by way of example, in a specific embodiment, the coarse 
steering arrangement 504 comprises a steering lens 100 having^# = 0.87 and an optical train 

25 with a 10 X 10 pixellation; such an arrangement, in combination with the use of LCOS optical 
phase arrays, the fine-angle beamsteering arrangement 502 provides high-resolution coverage 
in azimuth and elevation over ±30°. 

[0038] The basic configuration illustrated in Fig. 5 is completely scalable. In 

particular, large apertures and high power may be accommodated simply by using larger 
30 optical components. The are some specific applications, however, in which the use of large 
components is constrained by physical requirements of the applications. This is true, for 
example in applications where the optical components are mounted on aircraft or spacecraft. 
In such cases, size constraints may be imposed by virtue of any or all of the following 
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considerations, among others: (1) the possibility of interference with other platform 
functions such as the desire to maintain a low radar cross section; (2) the lack of continuous 
window area to provide an adequate field of regard with sufficient optical gain; (3) the 
existence of single-point failure modes from debris or physical damage; and (4) a 
5 susceptibility to performance degradation from environmental effects such as txirbulence 
and/or scintillation. 

[0039] The effects of these considerations may be mitigated in another embodiment 

by combining a plurality of relatively small apertures to mimic a larger aperture. For 
example, a phased-array-of-phased-arrays ("PAPA") architecture may be used as illustrated 

10 in Fig. 6. The use of multiple small apertures simplifies placement of the structures and 

provides for less interference with the platform since less continuous window area is needed. 
In the embodiment shown in Fig. 6, multiple stages 632 are grouped together to act as a 
single aperture. Each stage 632 may comprise a beamsteering arrangement as illustrated in 
Fig. 2 or, altematively and as illustrated in Fig, 6, may comprise a fine-angle steering 

1 5 arrangement optically coupled with a coarse-angle steering arrangement as illustrated in Fig. 
5. In this arrangement, an incident beam 604 is initially subject to fine-angle steering by 
optical phased arrays 612, is focused by focusing element 616 onto optical train 608, which 
shifts the focused spot position, and is subsequently coUimated by collimation element 620 to 
produce steered beam 624. This is performed for each of the plurality of aperture segments, 

20 which when distributed provide the advantage that damage to part of the overall aperture does 
not produce a catastrophic failure of the system. 

[0040] The received signal from each stage 632 contributes to the overall optical gain 

of the system within which the beamsteering device is incorporated. If each stage 632 
provides an aperture segment that is smaller than a spatial coherence length of the input 

25 signal 604, then the optical gain at each stage 632 is advantageously not diminished by 

turbulence or by scintillation. As will be evident to those of skill in the art, the individual 
stages 632 may be phased to contribute coherently to the overall gain of the system. In 
particular, the gain is directly proportional to the aperture area, which itself increases linearly 
with the number of stages 632 in the architecture. This may be contrasted with the case 

30 where the individual stages 632 are not phased for coherent contribution, in which case the 
effective gain increases only by the square root of the number of stages 632. Thus, the 
optical gain may be improved by using multiple aperture stages when turbulence limits the 
coherence length of the signal to less than the effective aperture. By using such phasing in 
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low-turbulence circumstances, use of the segmented aperture does not adversely impact 
overall performance of the beamsteering device significantly if the fill factor for the array is 
kept relatively high. This is possible when the compact configuration shown in Fig. 5 is used 
in the PAPA architecture shown in Fig. 6. 

5 



Example 

10 [0041] The inventors have conducted experiments using the setup illustrated in Fig. 7 

in order to demonstrate how the nonmechanical spot-beam translation described herein may 
be used for steering an electromagnetic beam. In this experimental arrangement, the 
electromagnetic beam 704 is provided by a laser 708. The laser beam 704 is incident onto an 
optical train 702 that comprises a reflective polarizer 724, a relay lens 720, a reflective 

15 element 712, and an SLM 716. This arrangement thus corresponds to use of a reflective SLM 
arrangement, which was noted above as being suitable in some embodiments. The laser 
beam 704 is initially transmitted through the reflective polarizer 724 and is focused to a spot 
on the SLM 716 by lens 706. If the SLM 716 is activated at that position, it transforms the 
polarization of the beam to include a specified polarization component that will be 

20 transmitted through the polarizer 724. In that case, a first beam 732 is transmitted through 

the polarizer after reflection from the reflective surface 712 and propagation through the relay 
lens 720. Alternatively, if the SLM 716 is not activated at that position, the beam is reflected 
back to the SLM 716, which may be activated at the second location to modify the 
polarization to include the specified polarization component. Another reflection firom the 

25 reflective surface 712 and transmission through the relay lens 720 again focuses it onto the 

polarizer 724, where a second beam 736 may then be transmitted through the polarizer 724 at 
a different final spot position than the first beam 732. 

[0042] This difference in spot position manifests itself by causing different steering 

angles to be effected by a steering lens 728, with beam 732 being directed to produce spot 
30 744 and beam 736 being directed to produce spot 748. The optic axis of the steering lens 728 
is denoted by reference numeral 740. Thus, the experimental arrangement provides for two 
possible steering angles depending on the state of the optical train 720, specifically depending 
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on the state of the SLM 716. The angular separation of the two spots 744 and 748 is a 
function of the f# of the steering lens 728. The following results were obtained for two 
different steering lenses, which are easily verified as being consistent with the tan 9 = Ax// 
relationship described above. 



Steering Angle /]# 


Spot Angle Separation 


6 max 


3 


3.6° 


37° 


1 


9.5° 


53° 



[0043] Thus, having described several embodiments, it will be recognized by those of 

skill in the art that various modifications, alternative constructions, and equivalents may be 
used without departing fi-om the spirit of the invention. Accordingly, the above description 
should not be taken as limiting the scope of the invention, which is defined in the following 
claims. 
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